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Nucleocytoplasmic shuttlingThe alphaherpesvirus serine/threonine kinase Us3 plays diverse roles in virus multiplication and modiﬁes
both nuclear and cytoplasmic substrates. We recently reported that treatment of HSV-2 Us3-transfected and
HSV-2-infected cells with leptomycin B, an inhibitor of nuclear export mediated by interaction of
chromosomal regional maintenance protein (CRM1) with leucine rich nuclear export signals (NESs), resulted
in nuclear trapping of Us3. Here, we utilized ﬂuorescence loss in photobleaching to monitor nuclear export of
HSV-2 Us3 and conﬁrm that this process proceeds solely via a CRM1-mediated mechanism. Analysis of
deletion derivatives of HSV-2 Us3 fused to a nuclear export reporter protein implicated the involvement of
NES-like sequences in nuclear export. However, nuclear trapping of HSV-2 Us3 proteins carrying mutations in
these potential NESs was not observed, indicating that these sequences are not functional in the context of
full-length protein. Our analyses also revealed previously unidentiﬁed regions of HSV-2 Us3 that contribute to
its kinase activity.ndMolecular Sciences, Queen's
ada, K7L 3N6. Fax:+1 613 533
nﬁeld).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The alphaherpesvirus serine/threonine kinase Us3 plays diverse
roles in virusmultiplication (Benetti andRoizman, 2004; Chuluunbaatar
et al., 2011; Demmin et al., 2001; Favoreel et al., 2005; Geenen et al.,
2005; Hata et al., 1999; Jung et al., 2011; Leopardi et al., 1997;Mou et al.,
2007; Munger and Roizman, 2001; Ogg et al., 2004; Reynolds et al.,
2002; Schumacher et al., 2005; Wisner et al., 2009) and interacts with
both nuclear and cytoplasmic substrates (Erazo et al., 2010; Mou et al.,
2007; Munger and Roizman, 2001; Poon et al., 2003; Van den Broeke
et al., 2009;Walters et al., 2009).We recently reported that treatment of
herpes simplex virus type 2 (HSV-2) Us3-transfected and HSV-2-
infected cells with leptomycin B (LMB), a speciﬁc inhibitor of nuclear
export mediated by chromosomal regional maintenance protein
(CRM1), resulted in nuclear trapping of Us3 (Finnen et al., 2010).
Furthermore, we found that Us3-induced ﬁlamentous process forma-
tion was diminished when Us3 was trapped within the nucleus,
providing evidence that Us3 subcellular localization can impact its
biological function (Finnen and Banﬁeld, 2010; Finnen et al., 2010).
Thus, the ability to shuttle between the nucleus and the cytoplasmmay
be vital for HSV-2 Us3 functionality.
HSV-2 Us3 has a predicted molecular mass of 53 kDa, which
exceeds the limit for passive diffusion of molecules through nuclear
pores (Tran and Wente, 2006), thus an active transport mechanism is
required for export of this protein from the nucleus. The sensitivity ofthe subcellular localization of HSV-2 Us3 to LMB treatment speciﬁcally
implicates the involvement of CRM1-mediated nuclear export, the best
understood mechanism for the export of proteins from the nucleus.
CRM1 in complex with Ran-GTP, binds directly to leucine rich nuclear
export signals (NESs)on cargoproteins (Donget al., 2009) todirect their
export through nuclear pores to the cytoplasm where they can be
released from the export complex following GTP hydrolysis. A NES
consensus sequence, composed of regularly spaced hydrophobic amino
acids, emerged from the analysis of a database of experimentally-
veriﬁed NESs (la Cour et al., 2004). More recently, functional screening
of a library of NES-like sequences resulted in further reﬁnement of NESs
into 6 consensus patterns that, collectively, describe more than 86% of
known functional NESs (Kosugi et al., 2008). Despite these advances,
accurate prediction of a functional NES based on primary sequence
alone is not yet possible and NESs must be veriﬁed empirically,
preferably by demonstrating their functionality in the context of a full
length cargo protein (Xu et al., 2010).
As there is little speciﬁc information known regarding nucleocyto-
plasmic trafﬁcking of Us3, we undertook studies directed at character-
izing the nuclear export properties of HSV-2Us3. The objectives of these
studies were to conﬁrm the ability of HSV-2 Us3 to undergo nuclear
export in the absence of pharmacological inhibitors, to examine the
ability of HSV-2 Us3 to undergo nucleocytoplasmic shuttling and to
determine if there were resident signals within HSV-2 Us3 that govern
its nuclear export.We utilized two independent approaches to examine
nuclear export of HSV-2 Us3 and employed an interspecies heterokary-
on assay to examine nucleocytoplasmic shuttling of HSV-2 Us3. Nuclear
export determinants within HSV-2 Us3 were mapped to a region
containing sequences that resemble canonical NESs, however muta-
tional analysis of these sequences indicated that they are not functional
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that Us3 contains non-canonical NESs or, alternatively, complexes with
a cellular protein that facilitates its nuclear export. Finally, our analysis
of the NES-like sequences within HSV-2 Us3 also revealed previously
unidentiﬁed regions of this protein that, when mutated, resulted in
proteins with properties that resembled catalytically inactive forms of
HSV-2 Us3.
Results
HSV-2 Us3 is exported from the nucleus through a CRM-1 dependent
mechanism
To complement our observation that LMB treatment inhibited
nuclear export of HSV-2 Us3, we wished to demonstrate nuclear export
of this protein in the absence of pharmacological inhibitors. We
examined nuclear export of mCherry-tagged HSV-2 Us3 (Finnen et al.,
2010) in live Vero cells using ﬂuorescence loss in photobleaching (FLIP)
assays (Koster et al., 2005). In these assays a small, deﬁned region of the
cytoplasm is repeatedly photobleached using a laser and ﬂuorescence
intensity in thenucleus andcytoplasmof the cell ismonitored over time.
In live cells expressing HSV-2 Us3-mCherry, a decrease in ﬂuorescence
intensity in both the nucleus and the cytoplasm was observed
speciﬁcally in photobleached cells (solid lines in the bottom left panel
of Fig. 1A; Supplemental Movie 1), demonstrating that HSV-2 Us3 was
able to be exported from the nucleus. When live cells expressing HSV-2
Us3-mCherry were treated with LMB, ﬂuorescence intensity in the
nucleus remained relatively constant (solid dark gray line in the bottom
right panel of Fig. 1A; SupplementalMovie 2) indicating that the protein
was no longer exported. LMB treatment had no effect on the export of
mCherry, a protein small enough to freely diffuse through nuclear pores
(compare solid dark gray lines in the top two panels of Fig. 1A). These
data provide a dynamic demonstration of the ability of HSV-2 Us3 to be
exported from the nucleus and are also consistentwith the involvement
of CRM1 in this process. In addition, the blockage of nuclear export of
HSV-2 Us3 caused by LMB in these assays appeared to be complete,
indicating thatCRM1-mediatednuclear export is the solenuclear export
mechanism utilized by HSV-2 Us3.
We also examined the ability of Us3 to facilitate export of a protein
that normally resides within the nucleus. The p53 tumor suppressor
protein has an intrinsic NES that is both necessary and sufﬁcient for p53
nuclear export (Liang and Clarke, 2001; Stommel et al., 1999). Point
mutations in the NES of p53 change its subcellular localization pattern
from both nuclear and cytoplasmic to predominately nuclear (Boyd et
al., 2000; Stommel et al., 1999). We ﬁrst veriﬁed the subcellular
localization patterns of a p53-GFP fusion protein and a version of this
fusionprotein, p53(NES−)-GFP, carrying alanine substitutionmutations
at p53 amino acids 348 and 350 in Vero cells. Vero cells transfectedwith
a plasmid encoding p53-GFP showed GFP signal in both the nucleus and
the cytoplasm of the majority of transfected cells whereas Vero cells
transfected with a plasmid encoding p53(NES−)-GFP showed GFP
signal predominately in the nucleus of the majority of transfected cells
(Figs. 2A and B). These subcellular localization patterns are consistent
with those reported for these proteins in other cell types (Boyd et al.,
2000; Stommel et al., 1999). Fusion of full length HSV-2 Us3 to p53
(NES−)-GFP(designated1–481 inFig. 2) enabled the reporter protein to
be exported from the nucleus, converting its subcellular localization
pattern to both nuclear and cytoplasmic in the majority of transfected
cells. These data provide independent conﬁrmation that HSV-2 Us3 can
be exported from the nucleus.
HSV-2 Us3 can shuttle between the nucleus and the cytoplasm
To establish that HSV-2 Us3 can shuttle between the nucleus and
the cytoplasm, we utilized interspecies heterokaryons (Pinol-Roma
and Dreyfuss, 1992) formed between transfected monkey cells (Vero)and non-transfected mouse cells (NIH-3T3). As interspecies hetero-
karyon assays follow both nuclear export and nuclear import of your
protein of interest, they report on nuclear shuttling rather than simply
nuclear export. In these assays, the difference in the appearance of
nuclei following Hoechst staining was used to distinguish Vero nuclei
from NIH-3T3 nuclei. NIH-3T3 nuclei displayed bright spots following
Hoechst staining as is often described in the literature (Fan and Steitz,
1998), whereas Vero nuclei displayed a smooth staining pattern
similar to that observed in cultured human cell nuclei. Vero cells
transfected with kinase dead D305A HSV-2 Us3 (KD/D305A) were
treated with LMB to trap Us3within the nucleus, then fusedwith NIH-
3T3 cells to generate heterokaryons carrying both monkey andmouse
nuclei. We utilized KD/D305A in these assays to ensure that
transfected cells would remain ﬂat and thus allow better imaging of
the subcellular distribution of Us3. The subcellular localization pattern
of KD/D305A in transfected Vero cells is similar to that of wild type
(WT) HSV-2 Us3 (Finnen et al., 2010). Heterokaryons were main-
tained in the continuous presence of cycloheximide to prevent new
protein synthesis and LMB was subsequently removed. As the effects
of LMB are reversible, the removal of LMB would allow Us3 to shuttle
from monkey nuclei to mouse nuclei. Mouse nuclei containing HSV-2
Us3 could be identiﬁed in heterokaryons following removal of LMB
(Fig. 3A). Because LMB trapping of Us3 in the nucleus of Vero cells is
sometimes incomplete, it is formally possible that the sole source of
the Us3 found in mouse nuclei of heterokaryons was from the Vero
cell cytoplasm. Thus, it was important to compare relative amounts of
Us3 in mouse nuclei when LMB was removed after cell fusion versus
when LMB was continuously present. The amount of Us3 in mouse
nuclei of heterokaryons following removal of LMB was found to be
signiﬁcantly greater than the amount when LMB was not removed
(Fig. 3B, p=0.0026), consistent with the notion that HSV-2 Us3 is able
to shuttle between nuclei.
Mapping of nuclear export determinants within HSV-2 Us3
Fusion of full length HSV-2 Us3 to p53(NES−)-GFP allowed this
reporter protein to be exported to the cytoplasm (Figs. 2A and B).
Thus, we constructed deletion derivatives of HSV-2 Us3 fused to p53
(NES−)-GFP and analyzed their subcellular localization in an attempt
to map nuclear export determinants. The subcellular localization of
the fusion proteins depicted in Fig. 2A and Supplemental Fig. 1A was
examined and quantiﬁed in transfected Vero cells. Fusion of the N-
terminal half of HSV-2 Us3 (amino acids 1 to 240) to p53(NES−)-GFP
resulted in a localization pattern that resembled that of unfused
reporter protein (Figs. 2A and B). Fusion of the N-terminal 294 amino
acids to the reporter protein, however, resulted in a localization
pattern that resembled that of full length fusion protein, indicating
that nuclear export determinants of HSV-2 Us3 may reside between
amino acids 241 and 294. In keeping with this interpretation, the C-
terminal half of HSV-2 Us3 (amino acids 241 to 481) as well as amino
acids 88 to 294 and 138 to 294 were all able to restore nuclear export
of the p53(NES−)-GFP reporter protein (Figs. 2A and B and
Supplemental Fig. 1A).
Proteins corresponding to the correct molecular weight predicted
for the fusion proteins depicted in Fig. 2A and Supplemental Fig. 1A
were detected in Western blot analyses of whole cell extracts
prepared from transfected cells (Fig. 2C and Supplemental Fig. 1B).
A prominent band corresponding to the molecular weight of the p53
(NES−)-GFP reporter protein (indicated by the arrowhead in Fig. 2C,
Supplemental Figs. 1B and 2) was detected in cells transfected with
certain fusion protein constructs. This band arises from internal
initiation of translation at the downstream start codon of the p53
(NES−)-GFP reporter gene (Supplemental Fig. 2). While the presence
of unfused reporter protein might be expected to complicate the
interpretation of these data, we were nevertheless able to detect
evidence of export in cases where unfused reporter protein was
Fig. 1. Analysis of nuclear export of HSV-2 Us3 by ﬂuorescence loss in photobleaching assays (FLIP). Vero cells were transfected with plasmids encoding either mCherry or a HSV-2
Us3 mCherry fusion protein (Us3-mCherry). At 48 h post transfection, images were collected every 10 s. During the interval between capturing each image, a deﬁned area of the
cytoplasm of a transfected Vero cell was repeatedly bleached through 10 consecutive rounds of scanning as described in Materials and methods. Fluorescence intensities in the
nucleus and the cytoplasm of the bleached cells as well as in the nucleus and the cytoplasm of neighboring transfected cells were measured over time. For LMB treated samples
(+LMB), 20 nM LMB was applied 30 min prior to imaging and cells were maintained in the continuous presence of LMB. A. Changes in ﬂuorescence over time. For all compartments
shown in each panel, total ﬂuorescence was measured in a ﬁxed area using Fluoview 1.7.3.0 software. The total ﬂuorescence measured immediately prior to the ﬁrst round of
bleaching was set to 100% and subsequent measurements were expressed relative to this value. Representative results are shown. B. Representative images from the start, midpoint
and end of FLIP experiments with Us3-mCherry. The time that the image was captured in minutes is indicated in the upper right corner of each panel. Rectangular boxes indicate the
area subjected to repeated bleaching. For complete sets of images, see Supplemental Movies 1 and 2.
231R.L. Finnen et al. / Virology 417 (2011) 229–237
Fig. 2. Identiﬁcation of a region within HSV-2 Us3 involved in nuclear export. A. Subcellular localization of reporter proteins and Us3 fusions to nuclear export reporter
proteins. Vero cells were transfected with plasmids encoding WT p53-GFP, p53(NES−)-GFP, or various Us3-p53(NES−)-GFP or Us3-p53(NES−/M1A/M40A/M44A)-GFP fusion
proteins, depicted on the right side of the panel with the white bars indicating Us3 sequence and the green bars indicating nuclear export reporter protein. Numbers beside the
GFP images indicate the Us3 amino acids included in the fusion protein. At 24 h post transfection, cells were ﬁxed and treated with Hoechst 33342 to stain nuclei. Stained cells
were examined by confocal microscopy and representative images are shown. Scale bar is 10 μm. B. Quantitation of subcellular localization of reporter proteins and Us3 fusions
to nuclear export reporter proteins. Vero cells were transfected and treated as described for A. The subcellular localization of the GFP reporter signal was scored as present
predominately in the nucleus (“Nuclear”) or as present in both the nucleus and the cytoplasm (“Both”) in 50 independent ﬁelds containing at least one transfected cell. Each
quantiﬁcation experiment was performed in duplicate or in triplicate. The total number of cells scored were as follows: for p53-GFP — 316; for p53(NES−)-GFP — 310; for full-
length (amino acids 1 through 481) Us3 fused to p53(NES−)-GFP — 201; for Us3 amino acids 1 through 240 fused to p53(NES−)-GFP — 191; for Us3 amino acids 241 through
481 fused to p53(NES−)-GFP — 136; for Us3 amino acids 1 through 294 fused to p53(NES−)-GFP — 165; for Us3 amino acids 88 through 294 fused to p53(NES−)-GFP — 180;
for Us3 amino acids 138 through 294 fused to p53(NES−)-GFP — 160; for Us3 amino acids 241 through 294 fused to p53(NES−/M1A/M40A/M44A)-GFP — 286; for Us3 amino
acids 260 through 294 fused to p53(NES−/M1A/M40A/M44A)-GFP — 230. C. Western blot analysis of nuclear export reporter proteins and Us3 fusions to nuclear export
reporter proteins. Equal volumes of whole cell extracts prepared from 293T cells transfected with plasmids encoding the proteins indicated at the top of the panel or from
mock-transfected cells were electrophoresed through 8% polyacrylamide gels and transferred to PVDF membranes. Membranes were probed with antisera indicated on the left
side of each panel. Molecular weight markers in kDa are indicated on the right side of each panel. Arrowhead indicates the position of full length p53(NES−)-GFP reporter
protein and the asterisks indicate the position of products that can arise from internal initiation of translation (see also Supplemental Fig. 2).
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constructs, the start codon of the p53(NES−)-GFP reporter gene as
well the AUGs encoding p53 methionines 40 and 44 were all changed
to GCG (=p53(NES−/M1A/M40A/M44A)-GFP). These alanine substi-
tution mutations did not change the subcellular localization of the
revised reporter protein relative to the original version (data not
shown). The translational context of the AUG at the start of inserts
introduced upstream of this revised reporter gene was also optimized.
The combination of thesemodiﬁcations greatly reduced the amount of
unfused reporter protein present (see examples in Fig. 2C, Supple-
mental Figs. 1B, and 2).
Fusion proteins containing Us3 amino acids 241 to 294 were able
to restore nuclear export of the revised reporter protein whereas
fusion proteins containing Us3 amino acids 260 to 294 were unable todo so (Figs. 2A and B). Consistent with the presence of a functional
NESwithin Us3 residues 241 to 294, LMB treatment of cells expressing
the 241 to 294 Us3 fusion protein led to concentration of the protein
in the nucleus (data not shown). The ability of fusion proteins
containing Us3 amino acids 260 to 481 or 295 to 481 to restore
nuclear export of the revised reporter protein could not be conﬁdently
assessed due to the tendency of these fusion proteins to form what
appear to be cytoplasmic aggregates in the majority of transfected
cells (Supplemental Fig. 1A).
Mutational analysis of potential NESs within HSV-2 Us3
The results of our mapping analysis indicated that nuclear export
determinants of HSV-2 Us3 may reside between amino acids 241 and
233R.L. Finnen et al. / Virology 417 (2011) 229–237259. This region contains two tracts of sequence (potential NESs 1 and
2; Fig. 4A) that resemble NES consensus sequences utilized in CRM1-
mediated nuclear export (top line of Fig. 4A) (la Cour et al., 2003,
2004). As we have established that nuclear export of HSV-2 Us3 is
CRM1-mediated, we tested the involvement of these potential NESs
by mutating them in the context of full length HSV-2 Us3. The last 3
amino acids of potential NESs 1 and 2were changed to alanine and the
subcellular localization pattern of full length HSV-2 Us3 carrying these
mutations, alone (1AAA and 2AAA) or in combination (1+2AAA),
was examined in Vero cells. Alanine substitution of either the last
three residues of a NES or the last two conserved hydrophobicresidues of a NES is generally sufﬁcient to inactivate a functional NES
(Boyd et al., 2000; Dobbelstein et al., 1997; Fischer et al., 1995; Knapp
et al., 2009; Stommel et al., 1999; Wen et al., 1995). Thus, if one or
both of the potential NESs in HSV-2 Us3 were functional, the
subcellular localization pattern of HSV-2 Us3 would be expected to
change from both nuclear and cytoplasmic to predominately nuclear.
However, this was not the case. No evidence of nuclear trapping of
HSV-2 Us3 was observed in Vero cells transfected with constructs
containing the 1AAA, the 2AAA or the 1+2AAA mutation (Fig. 4B,
Table 1). All three of these mutated forms of HSV-2 Us3 retained the
ability to trafﬁc to the nucleus and thus became trapped in the nucleus
following treatment with 10 nM LMB (Table 1).
To ensure that we had not overlooked another compensatory NES
residing in a different region of HSV-2 Us3, we visually scanned the
protein sequence for matches to the consensus NES depicted in
Fig. 4A. This analysis revealed another match between amino acids
182 and 191 (potential NES 3). The last 3 amino acids of potential NES
3 were changed to alanine separately (3AAA) or in combination with
potential NESs 1 and 2 (1+2+3AAA) and the subcellular localization
was examined in Vero cells. Again, no evidence of nuclear trapping of
HSV-2 Us3 was observed in Vero cells transfected with constructs
containing the 3AAA or the 1+2+3AAA mutation (Fig. 4B, Table 1),
despite the ability of these mutated proteins to become trapped in the
nucleus following LMB treatment (Table 1). In summary, although our
mapping analysis implicated the involvement of NES-like sequences
in HSV-2 Us3 nuclear export, there do not appear to be NESs that are
functional in the context of full length HSV-2 Us3.Kinase activity in potential NES mutants
Vero cells transfected with all constructs containing either the
2AAA or the 3AAA mutation showed decreased ﬁlamentous process
formation and ﬂat cell morphology (Fig. 4B) as well as intact actin
stress ﬁbers (data not shown). As these are all characteristics
associated with catalytically inactive forms of HSV-2 Us3 (Finnen et
al., 2010), we suspected that introduction of the 2AAA or 3AAA
mutations resulted in loss of kinase activity. To begin examining
kinase activity in these mutants, lysates from 293T cells transfected
with plasmids encoding either WT HSV-2 Us3 or versions containing
the mutations KD/D305A (known to be catalytically inactive; (Finnen
et al., 2010)), 1AAA, 2AAA, 3AAA, 1+2AAA and 1+2+3AAA were
prepared and tested for reactivity with antiserum that recognizes
phospho-(Ser/Thr) protein kinase A (PKA) substrates (Fig. 5). Because
of the considerable homology between Us3 and PKA phosphorylation
sites, this antisera has been used detect Us3 speciﬁc kinase activity
(Benetti and Roizman, 2004; Finnen et al., 2010). This analysis
conﬁrmed that alanine substitution of amino acids 189 through 191 orFig. 3. Interspecies heterokaryon assay of HSV-2 Us3 nucleocytoplasmic shuttling.
Assays were performed as described in Materials and methods. After fusing Vero cells
transfected with a plasmid encoding HSV-2 Us3 KD/D305A with non-transfected NIH-
3T3 cells, cells were incubated in the absence of LMB (“Released”) or the presence of
10 nM LMB (“Not Released”). Twenty images of interspecies heterokaryons were
collected and scored for both treatments. A. Representative images of interspecies
heterokaryons are shown. Fixed cells were stained with rat polyclonal antiserum
speciﬁc for HSV-2 Us3 followed by staining with Alexa Fluor 488 conjugated donkey
anti-rat IgG along with Texas red phalloidin and Hoechst 33342. “V” indicates a Vero
nucleus and “N” indicates an NIH-3T3 nucleus. Scale bar is 10 μm. B. Fluorescence in
different compartments of interspecies heterokaryons. Total ﬂuorescence in a 9 μm2
region within the indicated compartments of 20 interspecies heterokaryons was
measured using Fluoview 1.7.3.0 software. Average ﬂuorescence values are shown and
the error bars indicate the standard error of the mean. Asterisk indicates that
statistically signiﬁcant differences in the amount of Us3 present in released versus non-
released conditions were only detected in the case of NIH-3T3 nuclei (two-tailed t-test,
p value =0.0026).
Fig. 4. Subcellular localization of HSV-Us3s carrying mutations in potential NESs.
A. Potential NESs within HSV-2 Us3. The top line depicts the most degenerate tra-
ditional NES sequence described by la Cour et al., 2004; x's correspond to any amino
acid. Below, the positions of three tracts of sequence within HSV-2 Us3 that ﬁt this
traditional consensus sequence, referred to as potential NES 1, 2 or 3, are depicted. The
last 3 amino acids of each potential NES were changed to alanine separately (1AAA,
2AAA and 3AAA) or in combination (1+2AAA and 1+2+3AAA) to generate the
mutants depicted in panel B and described in Table 1. B. Vero cells were transfected
with plasmid encoding WT HSV-2 Us3 or with plasmids encoding HSV-2 Us3 carrying
the indicatedmutations. At 24 h post transfection, cells were stained with rat polyclonal
antiserum speciﬁc for HSV-2 Us3 followed by staining with Alexa Fluor 488 conjugated
donkey anti-rat IgG and Hoechst 33342 to stain nuclei. Stained cells were examined by
confocal microscopy and representative images are shown. Arrows indicate ﬁlamen-
tous processes. Scale bar is 10 μm.
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phosphorylation of PKA substrates.Discussion
The data reported in this communication demonstrate that HSV-2
Us3 can be exported from the nucleus and that nuclear export of HSV-
2 Us3 is mediated solely by a CRM1-dependent mechanism. CRM1-
mediated export of proteins typically involves leucine rich nuclear
export signals (NESs) on cargo proteins, however the results of our
analyses suggest that HSV-2 Us3 does not utilize a canonical NES. Thus
CRM1-mediated export of HSV-2 Us3 proceeds either by direct
interaction of CRM1 with an atypical signal or by indirect interaction
with CRM1, for example, by interaction of HSV-2 Us3 with a cellular
protein carrying a functional NES.
Examples of CRM1-dependent nuclear export mediated by
atypical NESs have been reported (Brown et al., 2004; Mylonis et al.,
2008) and the recently solved crystal structure of CRM1 in complex
with a consensus NES predicts that structures other than the extended
helical conformation adopted by a canonical NES could occupy the
hydrophobic binding groove formed by CRM1 (Dong et al., 2009; Xu et
al., 2010). Nevertheless, our inability to identify a simple, contiguous
tract of sequence that governs the nuclear export of HSV-2 Us3 makes
the existence of an atypical NES seem unlikely. An alternative
possibility is that HSV-2 Us3 binds to a cellular adaptor protein that
can recruit CRM1 allowing nuclear export. Adaptor proteins that carry
resident NESs are utilized for CRM1-dependent nuclear export of
inﬂuenza A viral ribonucleoprotein complexes (Cros and Palese, 2003)
and 60S ribosomal subunits (Johnson et al., 2002).
The results of our study demonstrate that there can be a
discrepancy in NES functionality when it is examined in the context
of full length cargo protein versus when it is examined in a more
isolated context. Whereas the Us3 241–294 fusion protein demon-
strated nuclear export (Fig. 2), mutations of consensus NES sequences
within this region in full length Us3 did not prevent nuclear export of
the protein (Fig. 4). A similar discrepancy was observed in the case of
human T-cell leukemia type 2 Tax protein (Chevalier et al., 2005). It is
generally accepted that the context in which a NES resides within a
protein can dictate whether it will be able to adopt the proper
conformation for interacting with CRM1. As a result, a NES is typically
located near the extreme termini of a cargo protein where protein
structure may be more ﬂexible. Alternatively, NESs often reside in
regions surrounded by predominantly polar and/or acidic amino acids
that may facilitate their surface exposure (Xu et al., 2010). Thus, it is
conceivable that removal of sequences upstream or downstream of
the potential NESs that we identiﬁed in HSV-2 Us3 (potential NESs 1
and 2 in Fig. 4A) removes structural constraints that normally make
these NES-like sequences inaccessible to CRM1.
Unexpectedly, our mutational analysis of the NES-like sequences
within HSV-2 Us3 revealed that amino acids 189 to 191 and 257 to
259 may contribute to its kinase activity. Based on multiple amino
acid sequence alignments of protein kinase catalytic domains (Hanks
et al., 1988), both tracts of sequence reside within conserved catalytic
domains. Introduction of mutations into these portions of a kinase
could conceivably disrupt key structural elements, resulting in loss of
catalytic activity and/or substrate recognition. In regards to F191 of
HSV-2 Us3, it is noteworthy that the corresponding amino acid is
either F or Y, both bulky aromatic amino acids, in the Us3s of the
related alphaherpesviruses HSV-1, pseudorabies virus, bovine her-
pesvirus type 1, equine herpesvirus type 1, varicella zoster virus and
Marek's disease virus. HSV-2 Us3 amino acids 257 to 259 are all
hydrophobic amino acids and, likewise, the corresponding amino
acids in the Us3s of the aforementioned alphaherpesviruses are all
hydrophobic. Interestingly, introduction of single alanine substitu-
tions at position 257 or 259 did not alter the phosphorylation of PKA
Table 1
Summary of characteristics of HSV-2 Us3s carrying mutations in potential NESs.
Mutant Amino acid changes Increased
nuclear
trapping
relative to WTa
Nuclear
trapping in
presence
of LMBb
Kinase
activity
retainedc
1AAA L248A, H249A, V250A No Yes Yes
2AAA L257A, V258A, L259A No Yes No
3AAA L189A, G190A, F191A No Yes No
1+2AAA L248A, H249A, V250A,
L257A, V258A, L259A
No Yes No
1+2+3AAA L248A, H249A, V250A,
L257A, V258A, L259A,
L189A, G190A, F191A
No Yes No
a Vero cells transfected with plasmids encoding the indicated constructs were ﬁxed
and stained with rat polyclonal antiserum against HSV-2 Us3, followed by Alexa Fluor
donkey anti-rat IgG and Hoechst 33342 at 24 h post transfection (see representative
images in Fig. 4B). The localization of Us3 was scored by microscopic examination
relative to cells transfected with plasmid encoding WT HSV-2 Us3.
b Vero cells transfected with the indicated constructs were treated with 10 nM
leptomycin B (LMB) or 0.07% methanol carrier starting at 6 h post transfection. Cells
were incubated in the continuous presence of drug or carrier for 16 h then ﬁxed and
stained as described for a. The localization of Us3 in cells treated with LMB was scored
by microscopic examination relative to cells treated with carrier.
c Kinase activity was assessed by Western blot analysis of whole cell lysates prepared
from transiently transfected 293T cells with anti PKA substrate antibody (see in Fig. 5).
Fig. 5. Analysis of potential NES mutants with antiserum reactive against phospho-
(Ser/Thr) PKA substrates. Equal volumes of whole cell extracts prepared at 24 h
post transfection from 293T cells transfected with plasmids encoding the proteins
indicated at the top of the panel or frommock-transfected cells were electrophoresed
through 12% polyacrylamide gels and transferred to PVDF membranes. Membranes
were probed with antisera indicated on the left side of each panel. Molecular weight
markers in kDa are indicated on the right side of each panel.
235R.L. Finnen et al. / Virology 417 (2011) 229–237substrates (data not shown), suggesting that smaller disruptions to
the hydrophobic nature of this area of the kinase may be tolerated.
Based on our current understanding of nuclear export of HSV-2
Us3, it appears that would be difﬁcult to engineer a variant of this
protein that localizes speciﬁcally to the nucleus by means of
introducing simple, deﬁned mutations. Engineering such a variant
will require a deeper understanding of the structure of HSV-2 Us3 and,
quite likely, the identiﬁcation of a cellular binding partner that
facilitates nuclear export of HSV-2 Us3.
Materials and methods
Cell culture
African green monkey kidney (Vero), 293T and NIH-3T3 cells were
all maintained in Dulbecco's modiﬁed Eagle's medium (DMEM)
supplementedwith 10% fetal calf serum (FCS) in a 5% CO2 environment.
Fusion of HSV-2 Us3 to nuclear export reporter proteins and site-directed
mutagenesis of HSV-2 Us3
To fuse HSV-2 Us3 to nuclear export reporter proteins, full length
HSV-2 Us3 or various deletion derivatives were ampliﬁed by PCR
employing the primers listed in the top portion of Table 2 using plasmidTable 2
Primer sets use for fusion of HSV-2 Us3 to nuclear export reporter proteins and for site-dir
Purpose Forward primer
(5′ to 3′)
Fusion
Proteins
ATCTCGAGAAGCTTATGGCCTGTCGTAAGTTCTGTGG
ATCTCGAGAAGCTTATGGCCTGTCGTAAGTTCTGTGG
ATCTCGAGAAGCTTATGGCGATCCTACCCCTCCTGGACC
ATCTCGAGAAGCTTATGGCCTGTCGTAAGTTCTGTGG
ATCTCGAGAAGCTTATGGCCGCGGGTGCGGAGGAGGAAGACG
ATCTCGAGAAGCTTATGGCAGCCCCCCCCGACGTCCGGACC
ATCTCGAGAAGCTTACCATGGCGATCCTACCCCTCCTGGACC
ATCTCGAGAAGCTTACCATGGCGCCCAAGTATCACTGCGACCTG
ATCTCGAGAAGCTTACCATGGCGCCCAAGTATCACTGCGACCTG
ATCTCGAGAAGCTTACCATGGCGTACGTCCACTGCAAAGGCATC
Site-directed mutants CTACCCCTCCTGGACGCGGCCGCCGTTTCTGGGGTCACG
CTGGGGTCACGTGTGCGGCCGCCCCCAAGTATC
GCAAAACTGGTGACCGGGGCGGCAGCCGCGATCCACGGAGCGC
a Base changes introduced by mutagenic primers are underlined.pHSV2Us3 (Finnen et al., 2010) as template. The ampliﬁed fragments
were digested with HindIII and EcoRI and subcloned into similarly
digestedplasmidvector encodingp53(NES−)-GFPor revised versionsof
this reporter protein to introduce the Us3-derived sequences at the
amino terminus of the reporter gene. Site-directedmutagenesis of HSV-
2 Us3 for the purpose of introducingmutations into potential NESs was
carried out by mutagenic PCR using the primers listed in the bottom
portion of Table 2. The Us3 portion of all plasmids for which PCR was
utilized during construction, was sequenced to ensure that no spurious
mutations were introduced. Site-directed mutagenesis of p53(NES−)-
GFP for thepurposeof changingp53methionine1 toalaninewas carried
out bymutagenic PCR using forward primer GCTTCGAATTCTGCAGGCG-
GAGGAGCCGCAGTC and reverse primer 5′GACTGCGGCTCCTCCGCCTG-
CAGAATTCGAAGC3′;site-directed mutagenesis of p53(NES−)-GFP or
p53(NES−/M1A) for the purpose of changing p53methionine 40 and 44
to alanine was carried out by mutagenic PCR using forward primer 5′
GCCGTCCCAAGCAGCGGATGATTTGGCGCTGTCCCCGGACG3′ and reverse
primer 5′CGTCCGGGGACAGCGCCAAATCATCCGCTGCTTGGGACGGC3′.
Fluorescence loss in photobleaching (FLIP) assays
Vero cells grown in glass bottom dishes (MatTek, Ashland, MA)
were transfected with plasmids encoding mCherry red ﬂuorescent
protein or a HSV-2 Us3-mCherry fusion protein (Finnen et al., 2010).
At 48 h post-transfection, the medium was replaced with warmected mutagenesisa of potential NESs within HSV-2 Us3.
Reverse primer
(5′ to 3′)
Amino acids included
or mutated
CAGAATTCGCTTAGGGTGAAATAGCGGCAGG 1–481
CAGAATTCGGGGGTGGTTCAGGCGTCTCAGC 1–240
CAGAATTCGCTTAGGGTGAAATAGCGGCAGG 241–481
CAGAATTCGGTCGATGGCGCTCAAGAGCTGC 1–294
CAGAATTCGGTCGATGGCGCTCAAGAGCTGC 88–294
CAGAATTCGGTCGATGGCGCTCAAGAGCTGC 138–294
CAGAATTCGGTCGATGGCGCTCAAGAGCTGC 241–294
CAGAATTCGGTCGATGGCGCTCAAGAGCTGC 260–294
CAGAATTCGCTTAGGGTGAAATAGCGGCAGG 260–481
CAGAATTCGCTTAGGGTGAAATAGCGGCAGG 295–481
CGTGACCCCAGAAACGGCGGCCGCGTCCAGGAGGGGTAG 248, 249, & 250
GATACTTGGGGGCGGCCGCACACGTGACCCCAG 257, 258, & 259
GCGCTCCGTGGATCGCGGCTGCCGCCCCGGTCACCAGTTTTGC 189, 190, & 191
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Olympus FV1000 confocal microscope and maintained at 37 °C in a
humidiﬁed 5% CO2 environment. All image acquisition parameters
were controlled using Olympus Fluoview software version 1.7.3.0.
Images were collected every 10 s using a 60X (1.42 NA) oil immersion
objective and a 543 nm laser to excite the specimen. During the
interval between capturing each image, a deﬁned area of the
cytoplasm of a transfected Vero cell was repeatedly bleached through
10 consecutive rounds of scanning with a 405 nm laser operating at
30% laser power. Fluorescence intensities in the nucleus and the
cytoplasm of the bleached cells as well as in the nucleus and the
cytoplasm of neighboring transfected cells were measured over time
using Fluoview 1.7.3.0 software. For LMB treated samples, LMB
(20 nM ﬁnal concentration) was applied 30 min prior to imaging and
cells were maintained in the continuous presence of LMB during the
imaging protocol.
Interspecies heterokaryon assays
Vero cells grown in glass bottomdishes (MatTek, Ashland,MA)were
transfected with plasmid encoding HSV-2 KD/D305A Us3 using FuGene
HD reagent. At six hours post-transfection, Vero cells were washed
twice with warm phosphate buffered saline (PBS) then placed in
medium containing 10 nM leptomycin B (LMB; Sigma, St. Louis, MO)
and overlaidwith NIH-3T3 cells. At 18 h post-transfection,mediumwas
changed to medium containing 10 nM LMB along with 100 μg/ml
cycloheximide (Sigma, St. Louis, MO). Two hours later, medium was
removed, cells were washed twice with warm PBS and then fused by
treatment with warm 50% (w/v) polyethylene glycol MW 8000 (Fisher
Scientiﬁc, Ottawa, ON) in PBS for two minutes at 37 °C. Fusion solution
was removed and cells werewashed 5 timeswithwarm PBS and placed
in medium containing 100 μg/ml cycloheximide or 10 nM LMB along
with100 μg/ml cycloheximide. Fused cellswere incubated an additional
two hours then ﬁxed and stained for HSV-2 Us3 as described previously
(Finnen et al., 2010). Fixed cells were also stained with Texas red-
conjugated phalloidin (Invitrogen, Carlsbad, CA) and Hoechst 33342
(Sigma, St. Louis,MO) tovisualizeﬁlamentous actin (F-actin) andnuclei,
respectively (Finnen et al., 2010). Interspecies heterokaryons, where F-
actin staining delineated a single, Us3-expressing cell harboring one
Vero nucleus and oneNIH-3T3 nucleus thatwere clearly distinguishable
by Hoechst staining, were identiﬁed by microscopic examination.
Twenty images of interspecies heterokaryons were captured for each
condition and the total ﬂuorescence in a 9 μm2 region within the
cytoplasm, the Vero nucleus and the NIH-3T3 nucleus of each image
were measured using Fluoview 1.7.3.0 software. Statistical signiﬁcance
was determined using a two-tailed t-test.
Transfections
Transfections of 293T cells for the purpose of preparing whole cell
extracts for Western blot analysis with GFP antiserum were carried out
using the calcium phosphate co-precipitation technique (Graham and
van der Eb, 1973). Transfections of 293T cells for the purpose of
preparing whole cell extracts for Western blot analysis with phospho-
(Ser/Thr) PKA substrate antiserumand transfections of Vero cells for the
purpose of microscopic analyses were carried out using FuGene 6 or
FuGene HD (Roche, Laval, QC) according tomanufacturer's instructions.
Preparation and analysis of cellular extracts
To prepare whole cell extracts of transfected 293T cells for Western
blot analyses, monolayers of 293T cells were transfected as described
above. Cells were washed once with cold PBS then scraped into cold PBS
containing protease inhibitors (Roche, Laval, QC) or PBS containing
protease inhibitors plus 5 mM sodium ﬂuoride (New England Biolabs,
Pickering, ON) and 1 mM sodium orthovanadate (New England Biolabs,Pickering, ON) to inhibit phosphatases inwhole cell extracts prepared for
analysis with phospho-(Ser/Thr) PKA antiserum. Harvested cells were
transferred to a 1.5-ml microfuge tube containing one third of the
harvested cell volume of 3X SDS-PAGE loading buffer. The lysate was
repeatedly passed through a 28 1/2 gauge needle to reduce viscosity and
then heated at 100 °C for 5 min. For Western blot analysis, 10 to 15 μl of
whole cell extractwaselectrophoresed throughSDS-PAGEgels. Separated
proteins were transferred to PVDF membranes (Millipore, Billerica, MA)
and probed with appropriate dilutions of primary antibody followed by
appropriate dilutions of horseradish peroxidase conjugated secondary
antibody. Themembraneswere treatedwith Pierce ECLWestern Blotting
Substrate (Thermo Scientiﬁc, Rockford, IL) and exposed to ﬁlm.
Immunological reagents
For indirect immunoﬂuorescence analyses, rat polyclonal antise-
rum against HSV-2 Us3 (Finnen et al., 2010) was used at dilution of
1:1,000 and Alexa Fluor 488 conjugated donkey anti-rat secondary
antibody (Molecular Probes, Eugene, OR) was used at a dilution of
1:500. For Western blot analyses, rat polyclonal antiserum against
HSV-2 Us3 was used at a dilution of 1:500, GFP monoclonal antibody
(Clontech, Mountain View, CA) was used at a dilution of 1:1000,
phospho-(Ser/Thr) PKA substrate antibody (Cell Signaling Technolo-
gy, Danvers, MA)was used at a dilution of 1:1000, β-actin monoclonal
antibody (Sigma, St. Louis, MO) was used at a dilution of 1:2000 and
horseradish peroxidase conjugated goat anti-mouse, goat anti-rabbit
and rabbit anti-rat secondary antibodies (Sigma, St. Louis, MO) were
used at dilutions of 1:10,000, 1:10,000 and 1:80,000, respectively.
Indirect immunoﬂuorescence microscopy
Cells for microscopic analyses were grown either on glass
coverslips or on glass bottom dishes (MatTek, Ashland, MA). Cells
were ﬁxed and stained as described previously (Finnen et al., 2010).
Images were captured using an Olympus FV1000 laser scanning
confocal microscope and Fluoview 1.7.3.0 software. Images were
captured using a 60X (1.42 NA) oil immersion objective and a digital
zoom factor ranging from 2 to 4. Composites of representative images
were prepared using Adobe Photoshop CS3 software.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.06.011.
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